PIWI proteins are members of the larger Argonaute family and bind to specific 24-32 nucleotide RNAs called PIWI-interacting RNAs (piRNAs). PIWI-interacting RNAs direct PIWI-mediated suppression of retrotransposon expression in the male germline in humans and mice, but their roles in bovine reproduction and embryogenesis are unknown. Although the majority of research in mammals has focused on the functions of PIWI proteins during spermatogenesis, this family of proteins and their associated piRNAs have recently been identified in early embryos. The goals of this study were to characterize the expression of PIWIL1 in bovine testis, oocytes, and early embryos. A full-length PIWIL1 transcript and protein was found in the testis, specifically in the germs cells of mature seminiferous tubules. RNA-immunoprecipitation demonstrated the presence of putative piRNAs with a mean length of 30 nucleotides bound to PIWIL1 in testes. 3 0 -Rapid amplification of cDNA ends analysis of PIWIL1 transcripts in testes and oocytes revealed two shorter isoforms in addition to the full-length transcript that was only present in testes. Truncated PIWIL1 isoforms in oocytes and testes were confirmed through amplification of their unique intronic fragments. Expression profiling of PIWIL1 through early embryogenesis demonstrated peak mRNA expression at the 2-cell stage with decreasing levels through to the blastocyst. PIWIL1-YFP fusion plasmids were produced for each isoform and expressed in HEK 293 cells, demonstrating nuclear exclusion and size-specific banding of the different isoforms. These data represent the first comprehensive characterization of PIWIL1 in bovine, revealing functional similarities with PIWIL1 in other species and suggest tissuespecific expression of several isoforms.
INTRODUCTION
Gametogenesis is a unique and complex process that requires tight spatial and temporal gene regulation for the production of mature spermatozoa and oocytes from multipotent primordial germ cells [1, 2] . Recently, the posttranscriptional regulation of gene expression during germ cell maturation and differentiation by small noncoding RNAs has become an area of intense research focus. Specifically, a class of small noncoding RNA called PIWI-interacting RNAs (piRNAs) has been shown to be necessary for germ cell maintenance in animals [3, 4] . PIWI-interacting RNAs function through their effectors, PIWI proteins, primarily to repress selfish genetic elements known as transposons that are harbored by the genome [5] .
The PIWI clade of proteins is a subfamily of the larger Argonaute (AGO) family and consists of two to four members, depending on the species. While zebrafish and hydra genomes encode two PIWI proteins [6, 7] , Drosophila and murine genomes encode three PIWI proteins [8] [9] [10] [11] , and four family members are present in bovine, porcine, and human [12] [13] [14] , implying potential differences in pathway dynamics between species. PIWI proteins have four domains: the N-terminal, PAZ, middle (MID), and PIWI; of these, the PAZ and PIWI domains show the greatest conservation both between species and with members of the AGO family when compared at the amino acid level. The PAZ domain of PIWI proteins recognizes the 3 0 terminus of piRNAs, promoting the 2 0 -Omethyl modification that is a hallmark of mammalian piRNAs [15] . The MID and PIWI domains of the AGO protein family recognize and bind the 5 0 end of associated small RNAs [16, 17] . Recent characterization of piRNA binding by the MID-PIWI domain has shown a bias for sequences that contain a 5 0 -uridine as well as strand bias depending on the PIWI family member [18] . Although the PIWI domain facilitates the binding of piRNAs, it also contains an essential Asp-Asp-His motif, known as the DDH catalytic triad, that has endonuclease activity directed at target RNAs [19] . Substitutions of these residues in mouse PIWI proteins leads to loss of their endonuclease activity against piRNA targets [20, 21] .
PIWI proteins associate with piRNAs to form ribonucleoprotein (RNP) complexes that have been shown to bind targets based on complementarity between the piRNA and RNA target [5] . The piRNA-PIWI complex can then exert slicer activity, leading to cleavage of the target transcript [21, 22] , or it can direct methylation-dependent transcriptional silencing toward target loci in the genome [23, 24] . PIWI proteins are required for fertility in several animal models. In particular, PIWIL1 and its various homologues in Drosophila and Danio rerio are required for both male and female fertility, while in mice, the PIWIL1 homologue MIWI is essential for male fertility and appears to function primarily in the pachytene stage of spermatogenesis [6, 8, 25] . Very recent studies have suggested that this is due to critical functional roles for PIWIL1 in the turnover of mRNAs and long noncoding RNAs during spermatogenesis [26] .
During primordial germ cell formation, the genome undergoes extensive reprogramming through removal of heterochromatic marks such as DNA methylation and specific histone modifications [27] . Although reprogramming is necessary for processes such as the removal and re-establishment of parental imprinting, it leaves the genome vulnerable to the mobilization of transposable elements (TEs), which can lead to subsequent genome instability [5] . Targeting of expressed TEs by PIWIpiRNA complexes leads to silencing of these mobile elements in spermatogonial stem cells, which persists throughout spermatogenesis [28] . Suppression of any of the PIWI proteins in mice leads to male infertility, with widespread increases in TE expression and large-scale damage to the genome [8, 9, 29] .
Genomic reprogramming and TE expression are not exclusive to gametogenesis because they also represent defining events during oocyte development, maturation, and early embryogenesis in mice, cows, and humans [30] [31] [32] . Immediately after fertilization, both paternal and maternal genomes undergo active DNA demethylation, while the zygotic genome as a whole undergoes replication-dependent passive demethylation during early replication events [33, 34] . This reprogramming is accompanied by a spike in TE expression, specifically from a TE subclass called retrotransposons, which proliferate within the genome by autonomous copy-and-paste mechanisms [30, 35] . Unconstrained retrotransposon expression is known to cause genome instability in gametogenesis [6, 9] , and similar mechanisms are likely in place to protect the embryo from these deleterious elements.
In addition to their established roles in gametogenesis, recent evidence has suggested that PIWIL1 and other members of the PIWI pathway are important for early embryo development. The three PIWI proteins encoded in the Drosophila genome localize distinctly to the embryo pole plasm, with two of the three PIWIs associating with known mRNA-processing machinery [36] . Through piRNA-guided complexes, the PIWI pathway ensures proper mRNA decay and patterning in the Drosophila early embryo. In addition to germ line maintenance, zebrafish require the PIWI homolog Zili to regulate gene expression for dorsal ventral patterning in the early embryo [37] . Studies in mammalian models have demonstrated the presence of some of the PIWI pathway machinery in oocytes and developing embryos. Several members of the PIWI clade have been identified in pig and mouse oocytes [13, 38] , while piRNAs have been detected at various stages of early embryo development [39, 40] . Very recently, Roovers et al. [14] identified PIWIL1, PIWIL3, and piRNAs in human and bovine oocytes. Although those studies clearly suggest the presence of the PIWI pathway in higher vertebrate embryos, the dynamics of PIWIL1, associated piRNAs, and any potential isoforms have yet to be more widely characterized in bovine testes, oocytes, and early embryo. To address this, we examined bovine PIWIL1 expression in various tissues and determined tissue localization through immunohistochemistry (IHC). To demonstrate the binding capacity of PIWIL1 for small RNAs, we conducted RNA-immunoprecipitation and identified piRNAs of ;28-32 nt. We then evaluated bovine PIWIL1 expression in oocytes that led to the identification of two additional PIWIL1 isoforms, which we then assayed for changes during oocyte and embryo development. This study reveals that although full-length PIWIL1 expression is limited to the testis, two shorter PIWIL1 isoforms are also present and expressed in bovine oocytes and early embryos.
MATERIALS AND METHODS

Tissue Collection
All experimental samples were obtained from licensed local abattoirs. Tissues from four sexually mature bulls were collected for protein and RNA analysis within 30 min after slaughter. Ovaries were transported in phosphatebuffered saline (PBS) at 358C, processed within 2 h of removal from the animal, and subsequently used for in vitro production of embryos and tissue collection. Bovine fetuses were collected when available and transported on ice after removal and were measured for crown-rump length to determine gestational age; the gonads were dissected. Fetuses were between 100 and 130 days of gestation. All tissues for RNA and protein analysis were snapfrozen in liquid nitrogen and stored at À808C until use.
RNA Extraction, cDNA Synthesis, and Cloning
Total RNA was extracted from tissues after homogenization using the miRNeasy Micro kit (Qiagen) including on-column DNase digestion with the RNase-free DNase Set (Qiagen). Embryos were lysed by brief sonication, and RNA was isolated with either the miRNeasy Micro kit (Qiagen) or the PicoPure RNA Isolation Kit (ThermoFisher). Complementary DNA was produced with either SuperScript III reverse transcriptase (Invitrogen) using oligo dT primers for cloning or qScript cDNA SuperMix (Quanta BioSciences) for quantitative PCR (qPCR) of mRNA transcripts from 1 lg total RNA (tissues) or from total RNA from indicated oocyte/embryo pools. Primers for amplification of PIWIL1 transcripts were designed with Primer3 (http://primer3.ut.ee/) and tested on cDNA from mature bovine testis. Primer sequences are included in Supplemental Table S1 (Supplemental Data are available online at www. biolreprod.org). PCR was performed with Platinum Taq DNA Polymerase High Fidelity (Invitrogen) and the products purified from a 1.2% agarose gel using the QIAquick Gel Extraction Kit (Qiagen). Amplicons were TA cloned using the pcDNA 3.1/V5-His TOPO TA Expression Kit (Invitrogen). As per the manufacturer's instructions, the ligated constructs were transformed into TOP10 Escherichia coli, and plasmids from 10 transformants per reaction were screened to confirm insert fidelity. Subcloning into pEYFP-C1 (Clonetech) was performed by insert amplification with primers containing restriction sites for BspEI and BamHI, then cloned into the vector as described above.
Cell Culture, Transfection, and Imaging
Human embryonic kidney (HEK) 293 cells were cultured in Dulbecco modified Eagle medium (Life Technologies) with 4.5 g/L D-glucose, 4 mM Lglutamine, 10% fetal bovine serum, and 1% penicillin-streptomycin (PenStrep). Cells were grown to 60%-70% confluency in six-well dishes before transfection using Lipofectamine LTX (Invitrogen) according to the manufacturer's instructions. Twelve microliters of transfection reagent per well was used for transfection of both pcDNA3.1 and pEYFP-C1 vectors into HEK 293. Cells collected after 48 h for protein/RNA extraction were trypsinized, washed, and pelleted before flash freezing in liquid nitrogen and storing at À808C. Cells were stained for 20 min in 1 lg/ml Hoechst 33342 (H1399; ThemoFisher), washed, and imaged at 405 nm (for Hoechst) and 488 nm (for YFP) with an EVOS FL Cell Imaging System (Life Technologies), which was also used to produce the overlays in real-time.
Sequence Alignments
All gene and protein information was obtained from homology searches within National Center for Biotechnology Information databases. Percent homology with Bos taurus was determined by PIWI protein alignments using Clustal Omega (EMBL-EBI). Alignment visualizations and region identity was performed using Geneious (Biomatters).
Western Blot Analysis
Tissues were lysed by homogenization in RIPA lysis buffer-10 mM TrisHCl, pH 7.6, 5 mM ethylenediaminetetraacetic acid (EDTA), 50 mM NaCl, 30 mM Na 4 P 2 O 7 , and 1% Triton X-100 (Sigma)-with complete protease inhibitor cocktail (Roche). HEK 293 cells were trypsinized, washed, and lysed by sonication in RIPA containing protease inhibitors. Protein was quantified using the DC Protein Assay (Bio-Rad). Thirty micrograms total protein was mixed with sample buffer (0.375M Tris pH 6.8, 12% SDS, 60% glycerol, 0.6M dithiothreitol, and 0.06% bromophenol blue) and heated to 958C for 5 min. Protein was loaded on 8% SDS-PAGE gels and run for 1.5 h at 90 V. Separated proteins were transferred to polyvinylidene fluoride membranes (Bio-Rad) using a wet transfer system for 3 h at 110 V. Membranes were blocked in 5% RUSSELL ET AL. skim milk in 50 mM Tris and 150 mM NaCl containing 0.1% Tween-20 (TBST) for 1 h at room temperature. Primary rabbit anti-PIWIL1 antibody (Ab12337; Abcam) at 0.4 mg/ml diluted 1:2000 was incubated with the membranes for 18 h at 48C in 5% bovine serum albumin (BSA)-TBST. Similarly, rabbit anti-beta actin (4967S; Cell Signaling) was used at 1:5000 dilution as a positive control. Membranes were washed and incubated with antirabbit immunoglobulin G, horseradish peroxidase-linked antibody (7074S; Cell Signaling) for 1 h in 5% BSA-TBST at room temperature. Membranes were washed and imaged with Clarity ECL (Bio-Rad) on a ChemiDoc (Bio-Rad).
Immunohistochemistry
Bull testicular samples were fixed in 10% neutral buffered formalin or Bouin solution (HT10132; Sigma) overnight at room temperature, or in 4% paraformaldehyde for 24 h at 48C. Samples fixed in neutral-buffered formalin or 4% paraformaldehyde were then placed in 70% ethanol until processing, and samples fixed in Bouin solution were placed in 10% neutral-buffered formalin for 24 h. Slides were routinely embedded in paraffin, and serial 5 lm sections were obtained and mounted on charged glass slides. Slides were either stained with hematoxylin and eosin, periodic acid shift-hematoxylin, or processed for IHC as follows. Slides were deparaffinized and rehydrated in xylene and isopropanol. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide (Sigma) for 10 min. Slides were washed in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HP0 4 , 1.8 mM KH 2 PO 4 ) followed by citrate buffer antigen retrieval (10 mM citric acid with 0.05% Tween at pH 6.0) for 12 min at 958C. Slides were allowed to cool to room temperature for 20 min and washed with PBS. A wax ring was applied around tissue sections and treated with DAKO protein block-serum free (X0909; DAKO) according to the manufacturer's instructions for 10 min. Slides were incubated with primary rabbit anti-PIWIL1 antibody (1:100, Ab12337; Abcam) in 1% BSA, 0.1% Triton X-100 in PBS with adjacent slides incubated in identical solution as negative controls. Slides were incubated in humidified chamber at 48C overnight. After incubation, slides were washed in PBS and then incubated with biotinylated secondary anti-rabbit antibody (1:100, B7389; Sigma) for 2 h at room temperature diluted in same antibody dilution solution as above. Slides were then washed with PBS and tertiary ExtrAvadin-Peroxidase (E2886; Sigma) was applied at a 1:50 dilution for 1 h at room temperature. Slides were then washed with PBS, and 3,3 0 -diaminobenzidine (D4293; Sigma) was added for 30 sec (for 10% neutral-buffered formalin, and 4% paraformaldehyde fixed samples) and for 45 sec (for samples fixed in Bouin solution) after which slides were quickly washed in PBS. Slides were then counterstained in Carazzi hematoxylin for 30 sec before sequential water washes and dehydration in isopropanol and xylene. Slides were mounted with Cytoseal (831016; ThermoFisher). Images were captured using an Olympus BX 45 microscope and an UplanSApo 403/0.95 objective. Representative 203, 403, and 1003 (oil immersion) images are shown.
RNA Immunoprecipitation and Gel Analysis
Both the protein and RNA immunoprecipitations were performed in triplicate. Two-hundred and fifty milligrams of bovine testis tissue was homogenized in 1 ml of lysis buffer (25 mM Tris-HCl, pH 7.4, 150 mM KCl, 2 mM EDTA, 0.5% NP-40, 1 mM NaF, 1 mM dithiothreitol) and cell lysate was cleared by centrifugation at 12 000 3 g at 48C for 20 min. Testis lysate was then precleared for 2 h at 48C with 50 ll protein-A magnetic beads (BioRad). Forty microliters of beads per sample were incubated with 3 lg of PIWIL1 antibody (Ab105393; Abcam) or 2 lg nonspecific rabbit immunoglobulin G (12-370; Milipore) for 10 min at room temperature before mixing with 200 ll of precleared lysate for 2 h at 48C by rotation. Beads were then washed four times with 250 ll of lysis buffer containing 0.4 U/ll RNase OUT (Invitrogen) and 13 cOmplete protease inhibitor (Roche). Samples were then washed in 250 ll PBS containing 0.1% Tween-20, placed in clean tubes, and washed again with 250 ll PBS containing 0.1% Tween-20.
Protein was eluted with 100 ll elution buffer-0.2% (w/v) SDS, 0.1% (w/ v) Tween 20, 50 mM Tris-HCl, pH 8.0-under rotation at room temperature for 10 min. The beads were magnetized, and the eluent was moved to a new tube. The elution was repeated, and 1 ml ice-cold acetone was added to 200 ll of eluant, which was then stored at À208C overnight to precipitate the protein. The acetone-protein precipitate was centrifuged at 10 200 3 g for 15 min at 48C, and the supernatant removed. The pellet was allowed to air dry for 5 min at room temperature before resuspension in 13 SDS loading buffer and boiled at 958C for 10 min.
RNA was eluted with 50 ll RNA elution buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 10 mM EDTA, 1% SDS) through incubation with the beads for 10 min at 658C with agitation every 2 min. Beads were magnetized, and the eluent was transferred to a new tube. The elution was repeated with another 50 ll RNA elution buffer for a total elution volume of 10 ll. The RNA was extracted using RNeasy Micro-RNA extraction kit (Qiagen) using the manufacturer's instructions for enriching small RNA. RNA was eluted in 14 ll and either used immediately for TBE-urea PAGE or frozen at À808C. TBE-urea (23) denaturing buffer (161-0768; BioRad) was added to the RNA elution to a concentration of 13 and incubated at 908C for 6 min. Samples were loaded into a 15% TBE-urea polyacrylamide gel (456-6053; BioRad) and run in 13 TBE buffer (161-0733; Bio-Rad) at 200 V for 45 min. Two micrograms total testis RNA was added in an adjacent lane as an indicator of input RNA size distribution, and two molecular size ladders were used: low-range singlestranded RNA and microRNA ladders (N0364S and N2102S; NEB) according to the manufacturer's protocol. Staining was performed with Sybr Gold (S-11494; Invitrogen) in 13 TBE buffer for 45 min, and the gel was subsequently imaged on a BioRad XRS imager using the amber filter.
In Vitro Embryo Production
Oocyte collection and in vitro fertilization procedures were conducted as previously described [41] . Cumulus-oocyte complexes (COCs) were aspirated from follicles between 2 and 8 mm in diameter into HEPES-buffered Nutrient Mixture F-10 Ham (Sigma-Aldrich) media supplemented with 0.5% PenStrep (Invitrogen), 2% steer serum, and 2 units/ml heparin sodium salt (Sandoz Canada). COCs with homogenous cytoplasm and at least two layers of cumulus were selected under a dissecting microscope and washed twice in HEPESbuffered TCM-199 maturation medium (Caisson Labs) containing 11 lg/ml sodium pyruvate (Sigma-Aldrich), 0.2 M L-glutamine (Sigma-Aldrich) and 0.5% PenStrep. Selected COCs were incubated in groups of 15 under mineral oil in 80 ll drops of maturation medium containing 0.5 lg/ml FSH, 1 lg/ml LH, and 1 lg/ml estradiol (National Institutes of Health) for 22 h at 38.58C in a humidified 5% CO 2 atmosphere.
Matured oocytes were washed in HEPES-TALP (Caisson Labs) and fertilized in groups of 15-20 in 80 ll drops of TL-Fert (Caisson Labs) fertilization medium, supplemented with 20 lg/ml heparin sodium salt (SigmaAldrich) and 0.96 lg/ml albumin from BSA (Sigma-Aldrich). Cryopreserved bull semen (EastGen) was washed in modified HEPES-TALP, and competent sperm were selected by swim-up method. Sperm concentration was qualitatively assessed, and approximately 1 3 10 5 sperm were added to each drop. The sperm/COC cultures were incubated for 18 h at 38.58C in a humidified 5% CO 2 atmosphere .
After fertilization, the remaining cumulus cells were removed from the presumptive zygotes by vortexing in modified HEPES-TALP. Presumptive zygotes were then cultured in 30 ll of in vitro culture medium, consisting of Synthetic Oviduct Fluid (Caisson Labs) supplemented with 0.96 lg/ml BSA, 44.3 lg/ml sodium pyruvate (Sigma-Aldrich), 2% nonessential amino acids (Sigma-Aldrich), 1% essential amino acids (Sigma-Aldrich), 0.5% gentamicin (Sigma-Aldrich), and 2% serum under mineral oil. Groups of 20 were incubated at 388C in a humidified 5% CO 2 and 5% O 2 atmosphere until collection.
Oocyte and Embryo Collection
Immature oocytes were collected immediately after selection, and mature oocytes were collected after 22 h of maturation. COCs were denuded by treatment with 2 mg/ml hyaluronidase from Streptomyces hyalurolyticus (Sigma-Aldrich) followed by manual dissociation, washed in PBS containing 0.01% polyvinyl alcohol, collected into pools of 40, immediately flash frozen in liquid nitrogen, and stored at À808C. 0 -Rapid Amplification of cDNA Ends 3 0 -Rapid amplification of cDNA ends (3 0 -RACE) was performed with the GacereneR Kit (Invitrogen) according to the supplier's instructions. RNA was extracted and reverse transcribed with an oligo dT-adaptor primer using SuperScript III (Invitrogen) using 264 ng of oocyte (starting pool of 650 germinal vesicle oocytes) and 1 lg testis total RNA. The cDNA was then amplified (using 12.5 ng testis and 6.6 ng oocyte) with a gene-specific primer against PIWIL1 and the GacereneR 3 0 Primer (Supplemental Table S1 ). Products were cloned as described above and sequenced to determine their identity. Once the identity was confirmed through sequencing, isoforms were PIWIL1 IN BOVINE TESTIS, OOCYTES, AND EMBRYOS amplified with a universal forward primer and an isoform specific reverse primer to confirm presence and identity.
Quantitative RT-PCR and Statistical Analysis
Quantitative PCR was performed with SsoFast EvaGreen SuperMix (BioRad) on oocyte and embryo cDNA samples using a CFX96 Touch RealTime PCR Detection System (BioRad). RNA isolated from pools of 40 oocytes/embryos was used to generate cDNA as described above. Complementary DNA amounts equivalent to that obtained from two oocytes/embryos was added to each reaction, and each reaction was performed in triplicate from each pool. Biological triplicate pools from each stage were collected from at least three separate rounds of in vitro production. Primer efficiencies were determined by a standard curve using testis cDNA, and mRNA expression was calculated by efficiency-corrected DDCt method. Using this method we determined the relative quantity of our target, PIWIL1, to the geometric mean of two endogenous references YWHAZ and GAPDH that have been shown to be stable in preimplantation development [42] . Primer sequences can be found in Supplemental Table 1 . Significant differences between stages were determined by one-way ANOVA (PRISM software version 6.01; GraphPad) followed by Tukey multiple comparisons test. Plots were generated using GraphPad Prism 6.
RESULTS
Identification, Cloning, and Expression of Bovine PIWIL1
The PIWI pathway in cattle and other larger mammals has not been extensively studied. We employed a homology-based search in the B. taurus genome available through the National Center for Biotechnology Information to identify PIWIL1 and related sequences. Alignments between predicted PIWIL1 and several other vertebrates showed high amino acid conservation between species, specifically in the functional and RNAbinding domains (Fig. 1A) . We next amplified the predicted PIWIL1 coding sequence from testis cDNA and cloned it into a mammalian expression vector. Clone identities were verified by sequencing, and the identified bovine PIWIL1 sequence has been deposited in GenBank under accession number KP770144. Exogenous bovine PIWIL1 expressed in HEK 293 cells allowed us to confirm the specificity of our antibody by Western blot analysis (Fig. 1) . Using our validated primers and antibody, we then evaluated PIWIL1 protein ( Fig. 2A) and transcript (Fig. 2B ) levels in different bovine tissues.
Consistent with expression patterns in other species, bovine PIWIL1 was expressed primarily in the testis, with one of three biological replicates positive for PIWIL1 in the epididymis and PIWIL1 in the fetal ovary (Supplemental Fig. S1 ).
We next evaluated PIWIL1 expression in bovine testes. All testes had normal spermatogenesis, as determined by routine staining with hematoxylin and eosin. Periodic acid shifthematoxylin staining was used to assist in staging seminiferous tubules (Supplemental Fig. S2 ). All samples fixed in both 10% neutral-buffered formalin (Supplemental Fig. S2 ) or 4% paraformaldehyde (Fig. 3) were positive for immunohistochemical staining of PIWIL1. More specifically, diffuse cytoplasmic staining of pachytene spermatocyes and round and elongate spermatids was observed. Sertoli cells, spermatogonia, and leptotene and zygotene spermatocytes did not demonstrate positive staining. Staining of pachytene was first apparent at either stage IV or V of the spermatogenic cycle. Pachytene spermatocytes in stages I, II, and III did not stain. All round spermatids had cytoplasmic staining. Staining of elongate spermatids was weak or unapparent (Fig. 3) .
RNA Immunoprecipitation of piRNAs
PIWI proteins bind a distinct class of small RNAs called piRNAs [3] [4] [5] . In order to investigate the small RNAs associated with bovine PIWIL1, we performed RNA-immunoprecipitation of RNAs associated with PIWIL1 and analyzed the extracted RNAs using TBE-urea PAGE and Sybr Gold staining. Immunoprecipitation was conducted using an antibody raised against the N-terminal region of human PIWIL1. Protein immunoprecipitates were first analyzed by Western blots with an independent (C-terminal) PIWIL1 antibody and demonstrated specific and selective immunoprecipitation of PIWIL1 (Fig. 4A) . A single faint band of approximately 75 kDa was variably observed in the Western blots of immunoprecipitated testis proteins, consistent with that observed previously in mouse testis [8] . RNA extracted from the immunoprecipitated PIWIL1 contained a large population of small RNAS 28-32 nt in length as visualized by gel electrophoresis (Fig. 4B) . Some RNAs larger than 150 nt in length were also observed. 
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Isoform Detection and 3
0 -RACE of PIWIL1
Several reports have suggested that various components of the PIWI pathway are present or required for embryogenesis [14, 36, 39] . In our attempts to amplify PIWIL1 mRNA from bovine oocytes and early embryos, we determined that the fulllength PIWIL1 transcript originally identified from testis cDNA was not detectable in our oocyte and embryo tissues (Supplemental Fig. S3 ). However, shorter amplicons within the 5 0 terminus revealed that one or more transcript variants containing this region were detectable. We therefore postulated that shorter isoforms with variability at the 3 0 terminus of the transcript were present. We therefore conducted 3 0 -RACE to characterize potential isoforms of PIWIL1 in this context (Fig.  5A ). 3 0 -RACE for PIWIL1 with bovine testis cDNA produced two distinct products of ;3100 and ;1600 nt (Fig. 5B ). Similar reactions with cDNA derived from 650 pooled oocytes revealed only a 1600 nt product. As expected, sequencing confirmed that the larger (3100 nt) product from testis was identical to the full-length PIWIL1 we originally cloned. Cloning and sequencing of the shorter product (1600 nt) revealed two additional transcript variants, both of approximately the same length. We named these isoforms based on their unique features, presented in Figure 5C . PL1-FL includes the predicted full-length coding sequence exclusively identified in testis. PL1-13 extends from the coding start site through the 13th exon and into the following intron, whereas PL-10 extends through the 10th exon and encodes a portion of the middle of the 10th intron. All three of the isoforms were detectable in the bovine testis cDNA; however, only PL1-10 and PL1-13 were identified in oocyte cDNA.
To eliminate the possibility that these isoforms represented technical artifacts generated during 3 0 -RACE, PCR was performed to independently identify each isoform using reverse primers derived from the retained intron segments identified by sequencing the shorter RACE-derived variants (Fig. 5D ). This demonstrated that PL1-10 and PL1-13 are both detectable in the testis but only PL1-13 can be readily amplified from oocyte cDNA. Both isoforms have been deposited in GenBank along with the full-length product (accession numbers PL1-10: KP770145, PL1-13: KP770146, and PL1-FL: KP770144). Proteins encoded by the predicted open reading frame are 
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found in the N-terminal domain and part of the PAZ domain (PL1-10) or the full PAZ domain (PL1-13) (Fig. 5D) .
Expression of PIWIL1 in the Early Embryo
Expression of PIWIL1 in mammalian oocytes has only recently been explored [14] , and the presence of tissue-specific isoforms has yet to be described. In order to quantify the expression of PIWIL1 during oocyte and early embryo development, we performed RT-qPCR on pooled bovine oocytes and embryos from the zygote to Day 8 blastocyst stages (Fig. 6) . Importantly, we used a primer set within the 5 0 region that is shared by all three isoforms, allowing detection of combined PIWIL1 transcript levels. Stable expression of PIWIL1 mRNA during oocyte maturation is followed by variable expression in the developing in vitro produced embryo, with expression peaking at the two-cell stage and decreasing significantly by the blastocyst stage.
Isoform Characterization
Despite numerous attempts, an antibody capable of recognizing PL1-10 and PL1-13 was not identified. We therefore characterized the molecular weight and localization of the individual isoforms by exogenous expression in a mammalian cell line. We chose HEK 293 cells because they demonstrate strong expression of exogenous constructs and have been used for localization and characterization of AGO proteins in previous studies [43, 44] . PL1-FL, PL1-10, and PL1-13 were subcloned into the YFP-C1 vector to create Nterminal YFP fusion proteins that we expressed in HEK 293 cells. All three isoforms localized to the cytoplasm; however, YFP-PL1-10 was not exclusively cytoplasmic because some cells with homogenous expression were observed (Fig. 7) . YFP-PL1-13 localized to specific cytoplasmic foci or granules in a small population of cells. Protein was collected from cells expressing each isoform, and molecular mass of the fusion proteins was determined by Western blot analysis (Fig. 8) . Based on the known mass of the YFP tag (26.4 kDa), we estimated the isoform sizes at 99, 44, and 29 kDa for PL1-FL, PL1-13, and PL1-10, respectively.
DISCUSSION
The PIWI pathway is well-recognized as a front-line defense against retrotransposon mobilization during gametogenesis that has also been recently implicated in early embryo development [6, 21, 23, 36, 39] . A functional PIWI pathway requires the presence of both PIWI proteins and their associated piRNAs. The goals of this study were to further characterize this pathway in bovids by examining the expression of PIWIL1, determining whether RNAs of the appropriate size were bound to PIWIL1, and determining whether isoforms of PIWIL1 were present.
PIWI protein expression has historically been considered to be restricted to the gonads [8, 9, 45] . In the present study, fulllength bovine PIWIL1 was first cloned from testis cDNA and expressed in HEK 293 cell culture for initial sequence and protein characterization. Sequencing of our clones allowed the verification of predicted sequence information, detection of exogenously expressed PIWIL1 by Western blots, and validation of antibody specificity. Our subsequent characterization of PIWIL1 in bovine tissues showed strong mRNA and protein expression in the adult testis at the predicted size. Interestingly, PIWIL1 was inconsistently amplified from fetal ovaries between biological replicates, suggesting that a more comprehensive investigation of PIWIL1 in various stages of fetal gonad development in bovids may be warranted. Low protein expression was detected in one of three epididymal cell lysates and may represent carryover from the late stages of spermatogenesis and the maturation of the sperm (considering the lack of transcript detection from these tissues). However, one study reports the detection of PIWIL1 transcripts and piRNAs in the principal/basal cells of the epididymis [46] . Similarly, two of our three heart cell lysates show weak expression of PIWIL1. Several studies have shown the expression of PIWI pathway components in somatic tissues [7, 12, 47, 48] , despite the major site of expression being the male germ line. Future studies on the functions of PIWI-like proteins and piRNAs at background levels or in subpopulations of cells in somatic tissue may identify novel functional roles for this protein. In contrast to a recent study [14] , neither protein nor full-length transcript was detectable from ovarian cortex; however, this could be due to the relatively low number of primordial follicles relative to other tissue components in our tissue sections. PIWIL1 is essential for progression through spermatogenesis from pachytene spermatocyte to the elongate spermatid stages in other model species. The localization of PIWIL1 within bull testis tissue by IHC was consistent with that seen in mouse testis [8, 45] . We observed staining in the cytoplasm of pachytene spermatocytes as well as round and elongating spermatids. This localization suggests a conserved role in the maintenance of genomic integrity and mRNA elimination in late-stage spermatogenesis, similar to that seen in the murine model [8, 21, 49] . We first observed expression in pachytene spermatocytes in stages IV and V of spermatogenesis. Of the three fixation methods used here, PIWIL1 was not detected in testes fixed in Bouin solution, the best stain used here for morphology. Staining was the most intense in testes fixed in 10% buffered formalin, which results in the most artifacts of morphology. The intermediate-level fixative for maintenance of tubule structure and IHC staining was 4% paraformaldehyde.
The PIWI pathway targets and regulates retrotransposon transcripts and mRNAs through PIWI-protein complexes with piRNAs that are typically complementary to those targets. However, some recent studies in mouse suggest PIWIL1 can 5 ng) and oocyte (6.6 ng) cDNA used in 3 0 -RACE followed by gel electrophoresis with ethidium bromide staining to visualize products, which were then cloned and sequenced to determine the identity of both the 3100 and 1600 nt bands indicated on the left. C) Schematic of isoforms identified by sequencing. The predicted fulllength product (PL1-FL) was identified as the 3100 nt product in testis, while the shorter isoforms (PL1-10 and PL1-13) were cloned from the 1600 nt products in both testis and oocytes. Primers used to confirm isoform presence are also depicted (FL-F/R, I10-R, and I13-R), and products are presented in D. RT-PCR of all three isoforms from testis cDNA; however, only PL1-10 and PL1-13 can be amplified from pooled oocyte cDNA, with GAPDH present as a positive control. E) A protein alignment of the proteins encoded by all three isoforms. Both shorter isoforms encode the N-terminal domain, and PL1-13 also encodes a complete PAZ domain.
PIWIL1 IN BOVINE TESTIS, OOCYTES, AND EMBRYOS
directly bind targets independent of piRNAs [50] . To determine whether small, targeting RNAs of the appropriate size were bound to bovine PIWIL1, we performed RNA immunoprecipitation and demonstrated a population of small RNA molecules 28-32 nt in length that specifically associated with PIWIL1 in bovine testes. In other mammals, piRNAs show a size distribution between 24-32 nt, depending on the specific PIWI-binding partner and stage of spermatogenesis [3, 39, 50] . Our findings suggest that bovine PIWIL1 functions in a manner analogous to other species, through the formation of RNP complexes, using complementarity and slicer activity to recognize and cleave target transcripts [21] . Additional bands of higher molecular mass present in the same gels likely represent larger RNA targets co-immunoprecipitated with the PIWI RNPs. This is supported by previous studies that have demonstrated the presence and association of larger RNAs to murine PIWIL1-piRNA complexes in PIWIL1 immunoprecipitates [51, 52] .
Several reports have implicated the PIWI pathway in embryogenesis [14, 36, 37, 39] . However, in our initial attempts to identify PIWIL1 in bovine oocytes and embryos, we were unable to amplify full-length PIWIL1 transcripts despite the presence of amplicons derived from the 5 0 terminus (Supplemental Fig. S1 ). Although PIWIL1 isoforms have not been previously reported in other species, there is evidence of shorter PIWIL2 isoforms present in testicular germ cell tumors [53, 54] , supporting the possibility of functional variants within the PIWI clade. We therefore postulated that truncated or alternatively spliced transcripts may be present in oocytes that could account for the expression detected. Characterization of transcripts identified by 3 0 -RACE revealed two shorter PIWIL1 isoforms in both testis and oocytes (PL1-10, PL1-13) in addition to the expected full-length transcript (PL1-FL) present only in the testis. Both isoforms were amplified from the predicted 5 0 start codon but extended variably to either the 10th or 13th exon, followed by sections of the subsequent intron. We refer to these isoforms as PL1-10 and PL1-13, respectively. They both encode full N-terminal domains and either a partial (PL1-10) or full (PL1-13) PAZ domain. The fragment of intron retained by PL1-13 represents a continuous read-through from exon 13; however, the larger intronic fragment in PL1-10 maps to a region in the middle of intron 10, further supporting the hypothesis that this is an alternatively spliced transcript. All three PIWIL1 isoforms were detectable in the testis, while only PL1-10 and PL1-13 were readily amplified from oocyte cDNA.
Although we cloned and expressed all three isoforms in HEK 293 cells, only full-length PIWIL1 protein was detectable in testes tissues with available antibodies despite multiple attempts. The N-terminal domains encoded by both PL1-10 and PL1-13 suggest that they retain regions required for recruitment of Tudor domain proteins that, in Drosophila and mice, are associated with the formation of the nuage components necessary for posttranscriptional gene regulation [55] [56] [57] . The encoded PAZ domain present in these isoforms may act to bind available piRNAs in the oocyte that would then be stabilized in the developing embryo but may lack the target binding and slicing activity conferred by the PIWI domain [15, 58, 59] . Importantly, this PAZ-piRNA complex has the potential to participate in PIWI-dependent nuclear gene silencing through the recruitment of DNA methyltransferases and histone-modifying enzymes responsible for piRNA-guided transcriptional repression [60] . Alternatively, either through piRNA binding or cofactor interactions, these truncated isoforms encode domains that confer the potential to act as dominant negatives in the embryo context [61] . The presence of a low-abundance 75 kDa band noted in the immunoprecipitant-enriched samples is not likely to represent one of these isoforms because they lack the antigen target for the antibody (C-terminus). This band has been noted previously in other species [8] , and additional studies will likely be necessary to determine whether it represents another splice variant or degradation product.
The maternal-to-embryonic transition (MET) occurs in bovine embryos between the 4-and 16-cell stages [62] . During this period, embryonic transcription is re-established and provides mRNAs to replace maternal transcripts and protein deposited in the oocyte [63] . Reprogramming events that occur immediately after fertilization and persist through the MET allow a return to pluripotency but are accompanied by a rise in retrotransposon expression [30, 64] . We postulated that, in order to protect the genome against this rise in retrotransposon activity, a concomitant rise in the level of protective mechanisms such as the PIWI pathway would occur. Using a primer set to detect the presence of 5 0 PIWIL1 transcript (and therefore all isoforms present), we observed the highest abundance up to and including the 2-cell stage, then a significant decrease throughout the MET, followed by barely detectable levels at the blastocyst stage. We therefore suggest that increased PIWIL1 expression in the developing bovine embryo is part of the regulatory pathway that constrains retrotransposon expression during reprogramming. Technical limitations with respect to embryo availability and antibody sensitivity toward the smaller isoforms precluded a complete functional characterization of the protein products of PL1-10 and PL1-13 in this context. Further characterization of PIWIL1 and other PIWI proteins during reprogramming and embryo development is clearly warranted.
Despite limitations in the detection of PL1-10 and PL1-13, we characterized the cellular localization and size of these shorter isoforms after ectopic expression. We subcloned our isoform-coding sequences into plasmids containing YFP tags and expressed the resulting constructs in HEK 293 cells. All three YFP-tagged PIWIL1 isoforms demonstrated cytoplasmic localization with the exception of YFP-PL1-10, which also showed some level of nuclear expression in a subset of cells. Additionally, PL1-13 demonstrated granular fluorescence in a significant proportion of the cell population. Nuclear exclusion of YFP-PIWIL1 is seen in the murine model [8] , and localization of YFP-PL1-13 to perinuclear granules supports a potential role in posttranscriptional RNA regulation [57] . Interestingly, the presence of YFP-PL1-10 in both the cytoplasm and nucleus may be due to either nuclear targeting or passive diffusion; the absence of a canonical nuclear import signal as determined with available software (not shown) and a size of .60 kDa more strongly supports diffusion as the underlying mechanism [65] .
In addition to cellular localization, we collected protein from the cells expressing these isoforms and probed for the YFP tag to determine size of the isoform-encoded proteins. YFP-PL1-FL was the expected size, but both the shorter isoforms were smaller than expected. We observed YFP banding in each of the transfected cell lines at 30-35 kDa, suggesting that the cells may be degrading the fusion protein. Such degradation may also explain the difference between the expected size and observed size of the isoforms. YFP-PL1-FL was the expected size as compared to homologous PIWIL1 in other species, but these shorter isoforms have never been characterized; their anomalous migration may be due to altered detergent binding [66, 67] .
In summary, we have characterized PIWIL1 expression in the cow. These studies have identified a pool of 28-32 nt presumptive piRNAs associated with PIWIL1 in testis tissue. We have also identified two shorter isoforms, PL1-10 and PL1-13, both of which are expressed in oocytes and early embryos. The global expression pattern of PIWIL1 throughout oocyte maturation and embryogenesis reveals peak transcript levels during embryonic reprogramming at the 2-cell stage that decreases to the blastocyst stage. Localization of tagged PIWIL1 was restricted to the cytoplasm of mammalian cells, while the two shorter isoforms showed some heterogeneity in expression. Based on their encoded domains and localization, these isoforms could participate in piRNA binding, proteinprotein interactions, and nuclear silencing. The presence of these PIWI pathway constituents in cattle suggests its potential suitability as a model for the orthologous human pathway. This research also represents one of the few characterizations of this 
